Mitral valve early diastolic closing velocity in the echocardiogram: Rela- 8 While one study has identified left-to-right cardiac shunts in the postoperative period using indwelling left-sided catheters,9 most studies have utilized peripheral venous injections.'°Only one previous study has documented the application of these techniques to the newborn infant for differential diagnosis of cyanosis.11 Because of the importance of noninvasive serial echo studies in critically ill newborns, questions about the fluid volumes required for these techniques in newborns and the unknown effects of lateral resolution errors on the accuracy of these techniques, we have developed and evaluated a comprehensive approach to serial contrast echo evaluation of intracardiac shunts in babies. The technique is performed during, and as an adjunct to, M-mode echocardiography from sites on the precordium and from the suprasternal notch12 at the bedside in the intensive care nursery. Serial echo findings regarding the application of contrast echo techniques in premature infants for the detection of left-to-right shunts through a patent ductus arteriosus are reported elsewhere.'3 The purpose of this paper is to review the utility of these serial techniques for detection of right-to-left intracardiac and left-to-right ductal shunts in full term infants with severe lung disease or congenital heart disease.
Methods

Patients
Contrast studies (128 serial venous and 72 serial arterial studies are reported herein) were performed in conjunction with echocardiography in 40 infants, age 4 hours to 6 days (mean 54 ± 3 hours (SE) ), weight 1600 to 3600 g (mean 2200 ± 135 g). Of these infants, nine (group A) had severe cyanosis secondary to persistent fetal circulation.'4 1' All of these infants had severe hypoxia despite artificial ventilation, constant positive airway pressure (CPAP) and 100% oxygen. Right-to-left ductal shunts were documented by arterial blood gases. Mean descending aortic PO2 was 31 ± 5 torr (100% 02), mean temporal artery PO2 was 42 ± 7 torr.
Thirteen infants (group B) were studied as a control group and had hyperbilirubinemia requiring exchange transfusion for which umbilical venous catheters had been placed. These infants had no clinical evidence of hypoxia in room air (mean PO2 51 ± 5 torr in room air by heel stick).
Additionally, 18 infants (group C) were studied who had severe cyanosis resulting from cardiac disease, which was subsequently verified at cardiac catheterization; of these, six had tetralogy of Fallot, one had truncus arteriosus, three had pulmonary atresia with intact ventricular septum, eight had d-transposition of the great vessels. Of these last eight, six had intact ventricular septum and two had ventricular septal defects.
Saline Contrast Techniques
Echocardiograms were performed with a 5 MHz 'A-inch nonfocused transducer and a Smith Kline Ekoline 20A ultrasonograph interfaced with a Honeywell 1856 fiberoptic recorder. At the time of injection, a pencil mark was placed onto the strip chart paper as it emerged from the recorder. An material is injected into the descending thoracic aorta at the level of the fourth to sixth thoracic vertebrae. Retrograde opacification of the transverse aorta (as a control for adequate injection) is observed. In the presence of left-to-right ductal shunting not only does the transverse aortic arch fill, but the right pulmonary artery fills as well, from the descending aorta. If the right pulmonary artery does not fill, this does not mean that the ductus is not patent, but only that the left-to-right shunting is too small to be detected. No technique has yet been devised for echo diagnosis of right-toleft ductal shunting. We have relied on temporal artery vs umbilical artery blood sampling of arterial blood gases to detect right-to-left shunting at this level. Figure 4 shows the actual preoperative (positive) and postoperative (negative) suprasternal notch arterial contrast echoes from a premature infant who underwent ligation of a large patent ductus arteriosus. Spillover echoes, a "smear" artifact from too forceful an injection, were a potential cause of false-positive opacification of posterior or inferior structures. The infant actually had what appears to be a negative study.
Site ofInjection. We investigated the effects of differences of injection sites on our ability to perform these studies. In general, a more vigorous push of 2 cc or more was required for arterial catheters lying well below the diaphragm or for venous catheters within the hepatic or portal venous system. One-half to one cc pushed quite gently produced adequate opacification from arterial catheters with their tips lying close to the ductus arteriosus or from venous catheters with their tips lying within the ductus venosus or inferior vena cava above the diaphragm; larger amounts produced a smear artifact.
A striking difference in flow patterns was observed in four infants, two with lung disease and two in the control group who had contrast echoes preformed simultaneously from "brachial" and inferior vena caval sites. Satisfactory contrast studies in these babies were obtained by injection through a 21 gauge scalp vein needle inserted into a vein on the dorsum of the hand. In these babies, the venous saline contrast injection performed through the 21 Group A. Of the nine infants with persistent fetal circulation, all had intracardiac right-to-left shunting at the level of the atrial septum which appeared to be of significant magnitude. As shown in figure 1 , an injection of 1-2 cc of saline into the inferior vena cava or ductus venosus opacified not only the right ventricular cavity but also the left ventricle from behind the mitral valve. As verification of this atrial shunting pattern, contrast was also observed in the left atrium prior to opacification of the right ventricular outflow tract and by subsequent opacification of the aorta on the next beat. All of the infants in group A were artificially ventilated in 100% oxygen and three were receiving i.v.
tolazoline.14 In addition to right-to-left atrial shunting a right-to-left ductal shunt was present as demonstrated by the consistent temporal artery-umbilical artery PO2 differences on a.terial blood gases (see Methods). The echoes were interpreted only qualitatively for right-to-left shunting and no correlation between the degree of desaturation, temporal or umbilical, and the extent of right-to-left atrial shunting was attempted.
The echocardiogram from another infant with persistent fetal circulation is shown in figure 7 . In this infant, right-toleft shunting existed at the foramen ovale (atrial level). Contrast appeared as opacification of the left ventricle from behind the mitral valve prior to opacification of the right ventricle from behind the tricuspid valve. Opacification of the left atrium and aorta also occurred prior to opacification of the right ventricular outflow tract. Although the right ventricular body was opacified significantly (left panel) the suprasternal notch echo confirmed that the left atrial and transverse aortic arch opacification significantly preceded and exceeded the amount of opacification of the peripheral right pulmonary artery. This difference between right ventricular body and right pulmonary artery contrast was seen consistently in group A and may reflect decreased flow into the peripheral right and left pulmonary arteries.
Six infants in group A survived. The three who died had remained consistently hypoxic and continued to have large right-to-left atrial shunts until the time of their death. Serial studies were performed in four of the six survivors and in all four right-to-left atrial shunting was still present at the time the study was terminated (at a mean age of 97 + 6 hours). One of the four infants still had right-to-left shunting at a time when he was in 25% oxygen with a systemic PO2 of 64 torr and no temporal-umbilical arterial difference.
Group B (control group). Group B infants had no cardiorespiratory distress and served as control group for group A. Umbilical venous catheters were placed in this group of infants requiring exchange transfusion. In five of the infants in this group, capillary blood gases had been performed and were normal (mean PO2 was 51 torr in room air). (This is normal at Tucson's 2500 ft. elevation for infants less than 24 hours of age.) None of the infants were considered to be desaturated at the time of the initial study. Nonetheless, nine of the thirteen infants, even when lying quietly, had unsuspected right-to-left atrial shunts. Seven of these were studied serially and in all, these shunts had disappeared by 72 hours of age. No ventricular shunts were noted.
The appearance of right-to-left atrial shunting in groups A and B was quite similar and it was present in all infants with severe lung disease and in almost 75% of the control infants. Nevertheless, the time of resolution for the foraminal shunting was different in the two groups (less than 72 hours in the normal group, greater than 72 hours in the infants with lung disease).
Cyanotic congenital heart disease (group C). Eighteen patients with congenital heart disease were studied and in all the anatomical diagnosis and sites of shunting were verified by cardiac catheterization and angiography. Eight infants had transposition of the great vessels, six with intact ventricular septum. In two of these latter six infants with transposition, oxygenation was adequate before palliation (PO2 values were 33 and 36 torr, respectively, in 100% oxygen) and the contrast injections ( fig. 8 ) suggested that they had large right-to-left interatrial shunts. Cardiac catheterizations showed large atrial septal defects and good systemic-pulmonary mixing. In both infants, the atrial septal defect appeared to have a diameter of at least 1.5 cm when sized before balloon septostomy with a 5 French balloon catheter. The other four infants with transposition of the great vessels and intact ventricular septum had a small interatrial mix before cardiac catheterization with a mean PO2 of 19 torr in room air and 25 torr in 100% oxygen ( fig.   9 ). In three of these infants, the PO2 rose after balloon septostomy to a mean of 36 torr in 100% oxygen with a significant increase in right-to-left atrial mix seen on contrast echocardiograms, paralleling this rise in PO2. In The other two infants with d-transposition had ventricular septal defects identified by contrast echo technique, although the VSD in one of these infants was not initially associated with an audible murmur. As shown in figure Six of the group C infants had tetralogy of Fallot, one had truncus arteriosus and three had pulmonary atresia with intact ventricular septum. In all the tetralogy and truncus patients, right-to-left ventricular shunting was best visualized high up on the septum close to the level of the septal-aortic (truncal) discontinuity. Four of the neonates FIGURE 9 . Pre and post balloon atrial septostomy: injections from the same inferior vena caval site. In this infant, a small interatrial shunt was present before cardiac catheterization (left panel). After the balloon septostomy (right panel)
there was an increase in the interatrial mix with a rise in oxygen saturation and an improvement in the infant's overall condition. with tetralogy of Fallot and the infant with truncus had unsuspected right-to-left atrial shunts demonstrated by contrast echocardiography. The infants with pulmonary atresia, type I, likewise had interatrial right-to-left shunts. The predicted right-to-left atrial and/or ventricular shunting patterns were verified in all group C infants at cardiac catheterization.
Arterial Studies
Contrast studies performed from the suprasternal notch view were used to detect left-to-right patent ductus shunts ( fig. 3) . Figure 4 shows a suprasternal notch arterial contrast echocardiogram performed in a premature infant without an audible murmur and with a large left-to-right shunt through a ductus arteriosus. Opacification of the transverse aortic arch and the right pulmonary artery was observed preoperatively, whereas only opacification of the transverse aortic arch was seen four hours after operative ductal ligation. The frequency of silent ductus arteriosus and the importance of these studies for monitoring noninvasive attempts to achieve closure of ductus arteriosus17 have been emphasized recently in a report from a laboratory summarizing 168 serial contrast studies performed on 50 premature infants.'3 This report describes the application of the technique to the detection of left-to-right ductal shunting in the presence of congenital heart disease or severe pulmonary disease in larger infants.
Three of group A infants with persistent fetal circulation had left-to-right ductal shunting, suggesting that in these babies a left-to-right component of bidirectional ductal shunts could be identified despite significant pulmonary hypertension. This finding may be the result of pressure exerted by the injection in the descending aorta which temporarily reversed the shunt but served as documentation of ductal patency in the three infants. None of the control group had arterial catheters and so no injections were performed.
Of the group C infants, six of the eight patients with transposition had arterial injection studies performed with catheters placed above the diaphragm. Three of the six had ductal shunting identified and all three had a small left-toright patent ductus arteriosus at cardiac catheterization. In two of these three infants, the left-to-right shunt disappeared during the period of serial study, one at 60 hours of age and the other by 75 hours. The third infant still had a positive left-to-right ductal shunt as shown by saline contrast study at the time the catheter was removed at 95 hours of age. Positive studies for left-to-right ductal shunts were found in the three infants with pulmonary atresia and in three of the four tetralogy infants who had high umbilical arterial catheters. All these ductal shunts were verified at cardiac catheterization. The infants with pulmonary atresia and one of the tetralogy patients had what appeared to be very large left-to-right ductal shunts and were indeed ductus dependent for almost all of their pulmonary blood flow. The other two infants who had tetralogy of Fallot and positive arterial contrast studies had less prominent pulmonary opacification on their echocardiograms. Both had antegrade as well as ductal flow supplying their pulmonary bed at cardiac catheterization. The infant with truncus arteriosus type II had faint right pulmonary artery opacification observed on an arterial contrast study which could not be distinguished from a leftto-right duct although opacification occurred with a slight delay. To date, although only two infants have been studied after palliative surgery, our initial experience suggests that this technique will be quite useful in serially studying patency of artificial systemic-pulmonary anastomoses. The two tetralogy of Fallot infants with small ductal shunts had milder forms of tetralogy and did not require palliative surgery. They underwent serial arterial contrast studies and in both the left-to-right ductal shunts appeared to close during the period of study. In these babies, arterial PO2s dropped coincident with ductal closure as identified by the saline contrast study (41 to 32 and 39 to 29 torr, respectively, in room air).
Discussion
This study demonstrates that a comprehensive evaluation of intra and extracardiac shunts may be derived from contrast echocardiography in neonates via umbilical artery and venous catheters. These safe and reliable echocardiographic studies may be accomplished in serial fashion to give valuable ongoing information. The shunting patterns determined by this method, in conjunction with the anatomical information provided by M-mode echocardiographyl8 provide important information for patient management. The shunt patterns predicted in our patients with congenital heart disease prospectively were all verified at cardiac catheterization as described.
Asphyxiated infants and those with lung disease have long been known to have significant right-to-left intracardiac shunting at the level of the atrial septum.'" The shunting patterns in our infants with lung disease are similar to those previously described by Pieroni et al."1 in newborns with persistent fetal circulation. In that study, however, the existence of intracardiac right-to-left atrial shunts in infants with persistent fetal circulation appeared to be an ominous and reliable predictor of patient death. The serial studies in our infants suggested that the temporal resolution of these rightto-left interatrial shunts was often quite slow and lagged significantly behind clinical improvement in oxygenation. As such, these right-to-left shunts at the atrial level may reflect altered diastolic compliance within the right ventricle. While infants with this disease are believed to have intrapulmonary right-to-left shunting'4 '" as well, this shunting appears to take place at the capillary level as a result of ventilation perfusion imbalance. This type of shunting does not appear to be demonstrable by contrast echocardiography since the pulmonary capillary bed is not anatomically bypassed. Although intrapulmonary shunting through arteriovenous malformations has been demonstrated as a cause of similar contrast echocardiographic findings, '10 20 it is unlikely that such shunts were present in our group A infants.
The detection of right-to-left atrial shunting in a large proportion of our control group is not inconsistent with previous information since right-to-left shunting has been reported in crying newborns with significant hypoxia generated up to 8 days of age21 and shunting has been assumed to take place at the foraminal level. Shunts at the atrial level22 have likewise been detected at cardiac catheterization by dye dilution techniques in normal newborns. The shunts detected in our control infants, however, The detection of significant right-to-left atrial shunting in our infants with d-transposition of the great vessels appeared to be associated with adequate atrial mixing; but there are exceptions, as in the case of the single infant in whom oxygenation did not improve even after subtotal removal of the atrial septum. Nonetheless, those infants with d-transposition who were found to have good right-to-left atrial shunting prior to balloon septostomy were found to have significant atrial septal defects at cardiac catheterization.
Our own criteria for right-to-left intraventricular shunting agree with previous reports,6' 10 i.e., the appearance of contrast passing directly across the ventricular septum and appearing in front of the mitral valve. One must avoid the smear artifact caused by too vigorous an injection which can mimic this shunting pattern. The illustrations shown by Valdes-Cruz6 and her coworkers appear to represent meticulously performed studies and their figure 2 suggests that they were well aware of problems of imaging artifacts. In our transposition group, in both of the infants with ventricular septal defects, the right-to-left shunt at the ventricular level was proven at cardiac catheterization. In one of these cases, the shunt was detected by contrast echocardiography before the onset of the typical systolic murmur of a ventricular septal defect. These studies were therefore a clue for planning of the subsequent cardiac catheterization.
The detection of right-to-left interventricular shunting in the patients with tetralogy of Fallot is probably best performed by imaging the ventricular septum just below the level of the aortic override. Our previous cross-sectional contrast studies have suggested that shunting takes place most commonly at the top of the ventricular septum from the right ventricle directly into the aorta rather than more inferiorly in front of the mitral leaflets.23 24 Nonetheless, in this series, visualization of mitral leaflets themselves was an important clue in detecting associated right-to-left atrial shunts, some of which had not been suspected before catheterization.
The addition to these venous studies of the arterial contrast technique for the detection of left-to-right shunting patent ductus arteriosus has been useful in the detection and management of patent ductus arteriosus in premature infants,'3 especially when combined with dimensional echocardiographic data for shunt quantitation. We 
